A model of 239pu with decoupled neutron is used for theoretical calculations of rotational population patterns in heavy ion inelastic scattering and one-neutron transfer reactions. The system treated is 9~ on z39pu at the near-barrier energy of 500 MeV and backscattering angles of 180 ~ and 140 ~ . The influence of the complex nuclear optical potential is seen to be very strong, and the Nilsson wave function of the odd neutron produces a distinctive pattern in the transfer reaction.
Introduction
Hans J6rg Mang's pioneering work on the microscopic shell-model approach to alpha decay rate theory for spherical nuclei [1] set the stage for a microscopic theory of rotational population patterns in alpha decay [2] . The essential connection is that on the nuclear surface alpha decay amplitudes to various rotational states are simply the spherical harmonic expansion coefficients of the alpha wave on the nuclear surface. These amplitudes are somewhat modified on passage through the Coulomb barrier, with the barrier transmission handled either by coupled-channel calculations [3] or more often by simpler approximations, such as, the Fr6man matrix method [4] . Conversely, the rotational population patterns contain information about the alpha wave function on the nuclear surface, but the relationship is analogous to that of X-ray diffraction spot intensities to a crystal structure. That is, rotational group intensities and X-ray spot intensities are both squares of amplitudes, which may have either of two signs. One must guess, use models, or other tricks to assign the signs in order to work backwards from experiment. * Dedicated to Prof. Dr. H.-J. Mang on the occasion of his 60th birthday Nucleon transfer reactions on deformed nuclei have revealed, for example, the Nilsson coefficients of neutron wave functions. The case of (d, p) and (d, t) reactions on even-even spheroidal nuclei is especially simple to interpret, as the intensities to particular rotational states give directly the probability of thatj value within the Nilsson wave function of the odd neutron [5] .
The theoretical calculation of rotational population patterns for neutron transfer reactions with heavy ions is more complicated than the deuteron-induced transfer, since there can be considerable Coulomb excitation on both the inward and outward path. This extra richness in heavy-ion transfer makes the reaction a spectroscopic tool, allowing exploration of higher rotational states than might otherwise be accessible [6] . In particular this tool may have special value in the actinide region, where the paucity of sufficiently long-lived isotopes for targets limits the cases for pure Coulomb excitation. Furthermore, fission competition complicates the study of high rotational states by (heavy-ion, xn) reactions. For example, 58Ni ions on a z35U target revealed [7] 234U ground band transitions up to spin 26+.9~ ions on 239pu at 500 MeV (lab) excited many rotational transitions in 238pu [8] .
In this paper we make a first attempt at a theoretical calculation of the 239pu neutron pickup reaction case mentioned above. To simplify the Coulomb excitation part, we do the calculation on the even-even core 238pu, assuming the rotational energy limit of completely decoupled odd neutron to relate the populations to 239pu. The odd neutron is in the 1/2 + [631] Nilsson state and is only mildly coupled to the core, so the error in energy levels with this assumption should not greatly affect the rotation population in 239pu, since even the sudden approximation with implicit zero rotational spacing should be fairly good in this case. It is not practical for neutrontransfer experiments, where the experiment is run at energies slightly above the Coulomb barrier, to ignore the nuclear optical potential effects. Usually the AlderWinther-deBoer Coulomb excitation codes [9] do not incorporate nuclear potential effects. However, in a re-cent paper we have shown [10] that their approach can be modified to take into account effects of the real and imaginary parts of a deformed nuclear optical potential; the results compared well for the systems of 4~ on 16~ with the fully quantum mechanical coupled-channels calculations of Rhoades-Brown etal. [11] . Our modifications in [10] are to expand the complex nuclear potential in spherical harmonic terms added to the normal quadrupole and hexadecapole electromagnetic terms. Though we leave the classical trajectory in hyperbolic Rutherford form, we introduce effective energy and charge values such that the classical turning radius, and radial force at that point for equivalent spherical nuclei are correct, taking into account the real part of the nuclear potential. It is important to point out that our present version of Alder-Winther-de Boer type codes compute for 180 ~ backward scattering, as do the comparison quantum-mechanical coupled-channels and Classical Limit S-Matrix codes. We correct for other scattering angles by adjusting the effective bombarding energy to match the distance of closest approach for the given scattering angle. However, this simplification, allowing us to consider only M=0 rotational state amplitudes, is not an essential one and can be later generalized to arbitrary scattering angles.
Rotational inelastic scattering results
We show in Fig. 1 the results at three different beam energies for pure Coulomb excitation, without the nuclear potential. The rainbow maximum at high spin is seen, with the familiar interference oscillations going down to lower spin and the exponential fall-off of intensity above the rainbow maximum. To apply these results to 239pu under the approximation described above we divide each Z38pu level intensity between the two corresponding levels in a39pu according to the statistical weight. That is, the spin-0 population all goes to spin 1/2 in 239pu. The spin-2 population divides between spin 3/2 and spin 5/2 in the ratio of 4 to 6, and so on. Figure 2 shows how this approximation compares favorably with a complete odd-A Coulomb excitation calculation. In the limit of zero rotational spacing and complete decoupling the results would be identical. The 239pu moment of inertia is so large that the approximation is quite good. The odd-neutron coupling is sufficiently small to ignore core rotational motion in the initial state.
Introduction of the complex deformed nuclear optical potential by the methods of [-101 makes a profound difference at a near-barrier energy, as is clear from Fig. 3 . The rainbow maximum and interference oscillations are gone. For this calculation we have used effectively a slightly lower energy than the 500 MeV head-on calculation of Fig. 2 , to take into account the mean scattering angle of 140 ~ in an experiment done with this system. (We do not plot the partitioning of intensities into the levels of 239pu, since that is easily enough done and would result in the same general monotonic decline of intensity with spin down from a maximum at the 5/2 level.) We can rationalize the nuclear potential effects by thinking in terms of the earlier theoretical approaches of the Classical Limit S-Matrix (CLSM). In the CLSM method the rainbow maximum comes from collisions with the spheroidal nucleus oriented about 45 degrees to the point of closest approach, that is, encounters with the perigee in the mid North and South temperate latitudes of the nuclear spheroid. Introduction of an attrac- 
